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This study investigates how entrainment affects the activation of aerosols in a shallow cumulus
cloud using large-eddy simulations (LES) with an embedded Lagrangian cloud model (LCM) in
which aerosols and droplets are explicitly treated as Lagrangian particles. The activation process is
analyzed for aerosols entrained (i) by the central updraft at cloud base and (ii) by turbulent
mixing above cloud base (lateral entrainment). Cloud base aerosols and laterally entrained
aerosols contribute to all activated aerosols inside the cloud by fractions of 70% and 30%,
respectively. Laterally entrained particles dominate the activation above cloud base (secondary
activation), to which cloud base aerosols contribute about one third. As assumed in many
parameterizations, the activation of cloud base aerosols is limited by the maximum saturation.
However, the activation of laterally entrained aerosols is determined by the degree of turbulence,
limiting the time available for activation and restricting the activation to intermediate sized
aerosols, which demand the shortest time for activation. As the environmental aerosol
concentration increases, activation of laterally entrained aerosols becomes more important.
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1. Introduction

The impact of aerosols on clouds, precipitation, and climate
has been intensely discussed in the last decades and is still a
matter of scientific debate (e.g., Stevens and Feingold, 2009). It
is well known that the number of aerosols determines the
microphysical properties of clouds by regulating the number of
droplets and hence their size. This evokes further impacts on
clouds, e.g., the increased reflection of shortwave radiation,
decreased precipitation, increased cloud cover, and a longer
lifetime of clouds in aerosol-laden environments (Twomey,
1974, 1977; Albrecht, 1989). However, droplets only form on
activated aerosols also termed cloud condensation nuclei
(CCN), which are therefore of primary importance for the
impacts stated above. Thus, the activation of aerosols is a crucial
. Hoffmann).
microphysical process in order to understand the impact of
aerosols on clouds, precipitation, and climate.

Like droplets, wetted aerosols grow by the diffusion of
water vapor, which is described by the so-called diffusional
growth equation (e.g., Pruppacher and Klett, 1997, Chap. 13.2):

r
dr
dt

¼ 1
FD þ Fk

S−A
r
þ Br3N
r3−r3N

 !
; ð1Þ

where the temporal change of the particle radius r depends on
the supersaturation S, but also on curvature and mass of solute
aerosol, which are of importance during aerosol activation, i.e.,
at small radii. These curvature and solute effects are described
by the second and third terms on the rhs of Eq. (1), where A=
2σ/(ρlRvT) and B = νρsMl/(ρlMs). Here, v terms the van't Hoff
factor, ρl (ρs) the density of water (aerosol), σ the surface
tension,Ml (Ms) themolecularweight ofwater (aerosol), Rv the
specific gas constant ofwater vapor, T the sensible temperature,
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and rN the dry aerosol radius. FD = ρlRvT/(Dves) and Fk =
(Lv/(RvT) − 1) ⋅ Lvρl/(Tk) are coefficients depending
primarily on the diffusivity of water vapor in air Dv, and the
thermal conductivity of air k, respectively. Lv is the latent
heat of vaporization. Note that Eq. (1) is only valid for fully
soluble aerosols (similar expressions for insoluble or mix-
tures of soluble and insoluble aerosols exist as well, see, e.g.,
Andrejczuk et al., 2008).

Since Eq. (1) is only applicable for individual droplets, its
implementation in Eulerian cloud physical models, which are
applied in the vast majority of today's numerical meteorolog-
ical models, is not possible. Eulerian models are based on the
computation of integral values, e.g., liquidwater content (LWC)
or the number of droplets, to represent cloud physics. For this
Eulerian approach, the activation of aerosols is frequently
parameterized by estimating the number of CCN by a power-
law based on the maximum supersaturation (e.g., Twomey,
1959). Although recent modifications of these parameteriza-
tions include more implications of Eq. (1) (e.g., Cohard et al.,
1998; Khvorostyanov and Curry, 2006), these approaches are
always limited. In order to overcome these limitations and to
apply Eq. (1) explicitly, a Lagrangian cloud model (LCM) in
which Lagrangian particles represent aerosols or droplets is
necessary. Furthermore, a large range of explicitly resolved
dynamics is essentially needed for the numerical examination
of clouds, for which large-eddy simulation (LES) is the method
of choice (e.g., de Rooy et al., 2013). Thus, a coupled LCM-LES
approach will resolve many relevant cloud dynamical and
microphysical processes explicitly. For warm clouds, such
coupled models have been recently developed by us
(Riechelmann et al., 2012), and only two other groups
(Andrejczuk et al., 2008, 2010; Shima et al., 2009). A similar
approach for ice clouds exists as well (Sölch and Kärcher,
2010). This approach is used in this study to investigate amajor
implication of Eq. (1): due to its prognostic formulation, the
activation of an aerosol depends on the history of encountered
saturations and associated dynamics, and not exclusively on
the maximum supersaturation, as it is assumed in many
parameterizations. This study will show, that the time-scale,
at which supersaturations are experienced, affects the activa-
tion of aerosols too. Furthermore, we will show, that these
time-scales are primarily determined by the dynamics associ-
ated with the way an aerosol entrains into the cloud.

For shallow cumulus clouds, a major part of aerosols is
entrained by the central updraft from which the cloud is
triggered. Additionally, turbulent mixing at the cloud edge
(lateral entrainment) and cloud-top entrainment contribute
significantly to the amount of entrained air and hence aerosols
(de Rooy et al., 2013). Thus, activation of aerosols is not
restricted to the cloud base, where the central updraft enters
the cloud (primary activation). A significant part (40%) of
aerosols is activated above cloud base (secondary activation)
(Slawinska et al., 2012). The origins of these CCN are known:
(i) turbulent mixing of cloudy and non-cloudy air, which
entrains aerosols above cloud base that subsequently activate,
and (ii) a reservoir of small aerosols entrained by the central
updraft, which demand higher supersaturations to activate
than reached at cloud base (e.g., Pinsky and Khain, 2002).
However, the quantitative contribution of these origins remains
unclear. Moreover, it is expected that these origins differ during
the life-cycle of a shallow cumulus cloud due to the presence
of the central updraft (e.g., Heus et al., 2009), or by the
background aerosol concentration, which is known to increase
turbulent entrainment in increasingly pollute (aerosol-laden)
environments by an evaporation–entrainment feedback (Jiang
et al., 2006). This variability of aerosol origins in space and time
prompts ourmain question: howdoes the activation of aerosols
depend on the dynamics of entrainment and how do these
sources contribute quantitatively to the concentration of CCN
throughout the life-cycle of a shallow cumulus cloud?

The paper is structured as follows. The methodology used
for this study is presented in the next Section 2, which is
divided into Section 2.1, which gives a brief summary of the
applied numerical models with a focus on their modifications
for this study, Section 2.2, which presents the setup of the
numerical experiments, and Section 2.3 describes the analysis
methods. The results of this study are presented in Section 3:
the general development of an idealized shallow cumulus cloud
in pristine aerosol conditions (Section 3.1), the quantification of
aerosol activation (Section 3.2), and the development of the
same cloud in increasingly pollute aerosol conditions (Section
3.3). Section 4 concludes this paper.
2. Methodology

2.1. Modeling framework

All simulations of this study have been carried out with
PALM1 (PArallelized LES Model, Raasch and Schröter, 2001).
PALM solves the filtered, non-hydrostatic, Boussinesq-
approximated Navier–Stokes equations and filtered transport
equations for potential temperature and water vapor specific
humidity. Additionally, a prognostic equation for the sub-grid
scale turbulent kinetic energy is solved applying the closure
model by Deardorff (1980). A fifth-order advection scheme
(Wicker and Skamarock, 2002) and a third-order Runge–Kutta
time step scheme are applied. The liquid phase of water and its
microphysical processes are entirely calculated by the LCM
(Riechelmann et al., 2012). It is coupled to the LES by the
release (absorption) of latent heat and the loss (release) of
water vapor due to condensation (evaporation). Riechelmann
et al. (2012) showed the applicability of this approach by the
successful simulation of the LES intercomparison case BOMEX
(Barbados Oceanographic and Meteorological EXperiment) by
Siebesma et al. (2003).

In order to handle computationally the large number of
aerosols and droplets in the atmosphere, the LCM represents
a certain number of real aerosols or droplets by a single
Lagrangian particle. This number is termed weighting factor.
Basically, the weighting factor can change due to collision/
coalescence (see Riechelmann et al., 2012). However for this
study, the weighting factor is constant throughout the simula-
tions, since droplet collision/coalescence is neglected in order to
concentrate on the diffusional growth of aerosols and droplets.

In the present work, the condensational process used by
Riechelmann et al. (2012) has been extended to consider
curvature and solute effects as described by Eq. (1). Since
Eq. (1) depends on the dry aerosol radius rN, the dry aerosol
radius is defined as a new particle feature. Particle features are
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permanently assigned to each Lagrangian particle and describe,
for instance, their individual location, velocity, and droplet
radius. All these values change with time, except the dry
aerosol radius, which is constant since collision/coalescence is
neglected.

For the initialization of dry aerosol radii, it is assumed that
all particles initially located in the same LES grid box reproduce
a predefined aerosol size distribution. Therefore, thepredefined
aerosol size distribution is divided into Np bins, where Np is the
number of particles in a LES grid box:

Zr�N;Npþ1

r�N;1

f rNð ÞdrN ¼
XNp

i¼1

Zr�N;iþ1

r�N;i

f rNð ÞdrN: ð2Þ

Here, f(rN) is the aerosol size distribution, and rN,i
∗ and

rN,i + 1
∗ are the boundaries of the bin assigned to particle i.
The boundaries of each bin are chosen to contain the same
amount of aerosols irrespective of the particle's index:

Zr�N;iþ1

r�N;i

f rNð ÞdrN ¼ Ai=ΔV ¼ const :; ð3Þ

where Ai is the resulting constant weighting factor and ΔV the
volume of the considered grid box. Note that the constant
weighting factor prohibits the statistical misrepresentation of a
large number of droplets/aerosols by a single Lagrangian particle
(with a high weighting factor), since the particle's impact (e.g.,
the release of latent heat) primarily depends on the weighting
factor. Finally, the dry aerosol radius rN,i is calculated as themean
dry radius of all aerosols in the corresponding bin weighted by
the underlying aerosol size distribution:

rN;i ¼
Zr�N;iþ1

r�N;i

f rNð ÞrNdrN
, Zr�N;iþ1

r�N;i

f rNð ÞdrN: ð4Þ

Generally, the LCM is integrated applying a first-order Euler
time step. However, this is not adequate for Eq. (1) because it is
a stiff differential equation, which requires very short time
steps for a stable and accurate numerical integration during
activation, i.e., at very small radii. The growth of larger droplets
can be accurately integrated by longer time steps. Therefore,
we adopted a fourth-order Rosenbrock method, which adjusts
its internal step size in order to increase the accuracy of the
solution if necessary (Press et al., 1996; Grabowski et al., 2011).

The supersaturation is calculated at the location of the
particle by the tri-linear interpolation of the LES's adjacent
grid points of potential temperature and specific humidity
(Riechelmann et al., 2012). Although this saturation is calculated
from Eulerian LES fields, we did not find any evidence for
spurious cloud edge supersaturations caused by the inability of
Eulerian models to track the cloud's boundary (e.g., Stevens
et al., 1996). These spurious supersaturations might overesti-
mate the activation of aerosols. However, one-dimensional
advection test (not shown) indicate a comparably low produc-
tion of spurious cloud edge supersaturations (in comparison to
pure Eulerian models), which might be caused by the partial
Lagrangian approach and the interpolation of LES fields on
the particle's position, restoring the cloud's boundary to some
extent. Since the ability of an Eulerian model to track a cloud
boundary increases with the model's resolution, a sensitivity
study on the grid spacing has been conducted, confirming the
general findings of this study (see Appendix A).

2.2. Numerical experiments

We are simulating an idealized shallow cumulus cloud
triggered by a bubble of warm air which is homogeneously
elongated along the x-axis. The bubble ofwarm air is defined by
a potential temperature excess, which is added to the initial
temperature distribution:

θ� ¼ θ0exp −1
2

y−yc
σ

� �2 þ z−zc
σ

� �2� �� �
; ð5Þ

where θ0 = 0.2 K terms the maximum temperature excess
decreasing exponentially with a standard deviation σ=150m
in y- and z-directions. The bubble center is initially located at
zc = 170 m and yc = 1280 m. The whole domain extends
1280 m, 2560 m, and 3840 m along the x-, y-, and z-directions,
respectively. An isotropic grid spacing of 20 m is used. The
simulations are carried out for 2400 s with a time step of 0.1 s
for the LES and the LCM.Note that this time step is just anupper
limit for the internal time step size used by the Rosenbrock
method described above. This setup provides an adequate
statistical base at every stage of life, which is illustrated in Fig. 1
showing the elongated cloud and the patchy distributed
locations of aerosol activation. More detailed explanations
concerning this figure will follow in Section 3.1.

The initial profiles of potential temperature and water
vapor specific humidity are based on the BOMEX case by
Siebesma et al. (2003) idealizing a maritime shallow-cumulus-
topped boundary-layer in the trade-wind region. However,
background wind, large-scale forcings, and surface fluxes as
described for BOMEX are neglected.

We examine three aerosol cases resembling a range from
pristine (maritime) to pollute (continental) environments,
namely 100 cm−3, 500 cm−3, and 2000 cm−3. For all three
aerosol cases, a typical aerosol size distribution of the trade-
wind region is assumed based on the calculations of Derksen
et al. (2009) (see their Tab. 1). The different aerosol concentra-
tions are reached by multiplying all weighting factors with the
same value. This results in identical mean values and standard
deviations of the aerosol size distribution in all aerosol cases,
increasing the comparability of the simulations. However,
continental aerosol is typically smaller in size demanding
higher supersaturations for activation. For simplicity, we
assume that all aerosols consist of fully soluble sea salt
although smaller aerosols typically consist of other sub-
stances (e.g., ammonium sulfate that results in slightly
smaller critical radii and higher critical supersaturations than
sea salt), andweneglect chemistry affecting size and solubility of
aerosol. However, a sensitivity study on the aerosol's chemical
composition has been conducted, confirming the essential
results of this study (see Appendix B). Focussing on shallow
clouds, the aerosol distribution is assumed to be constant with
height. This is a justifiable first-order approximation, since the
boundary-layer turbulence diminishes differences in the aerosol



Fig. 1. Shallow cumulus cloud after 800 s simulated time (see Section 3.1 for details) triggered by an elongated bubble of warm air homogeneously extended along the
x-axis. Red (blue) dots indicate the location of activation of cloud base entrained (laterally entrained) aerosols. Cloudy regions (LWC of more than 0.01 gkg−1) are
displayed as grayish shades. The visualization is carried outwith VAPOR (Clyne et al., 2007). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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vertical profile. However, air mass transport, local sources, and
strength of turbulence alter the vertical structure of aerosol (e.g.,
Jaenicke, 1993), which decreases or even increases aerosol with
height. Possible implications are discussed in Section 4.1.

The applied aerosol distribution is displayed in Fig. 2.
Dots mark the dry aerosol radii used as a particle feature. The
shaded areas mark neglected radii. Radii smaller than
2.4 × 10−3 μm are neglected to increase the computational
feasibility. This is unproblematic, since these aerosols need
water supersaturations higher than 10% to be activated, a
value hardly reached in clouds (e.g., Twomey, 1959). Radii
larger than 1 μm are ignored as well, since these aerosols are
too rare to be represented by the amount of simulated
Fig. 2. Probability density function (PDF) of dry aerosol radius rN with
logarithmically spaced bins. Dots mark the dry aerosol radii used as a particle
feature. Shaded areas mark neglected radii.
Lagrangian particles. For the impact of these giant and ultra
giant nuclei on the development of rain, the reader is
referred to, e.g., Yin et al. (2000) or Blyth et al. (2003).

The aerosols (and later on droplets) are represented by 125
particles per LES grid box which is sufficient for the simulation
of shallow cumuli as shown by Riechelmann et al. (2012).
The applied aerosol concentrations result in weighting factors
of 6.4 × 109, 32 × 109, and 128 × 109, respectively. The total
amount of 200,000,000 particles requires a memory storage of
160 GB resulting in a minimum of 80 cores with 2 GB memory
each. In order to reduce thewall-clock time of these simulations,
we applied 512 cores for 48 h for each simulation.
2.3. Analysis methods

The common definition of a cloud by a LWC threshold
does not cover all grid cells in which aerosol activation
happens. Therefore, we extended this definition (in this
study 0.01 gkg−1) by including additionally all supersatu-
rated grid cells to our definition of a cloud, since supersat-
urations are necessary for the activation of aerosols. The
extended definition covers the same cloudy grid cells as the
common definition almost everywhere in our simulations.
The only exceptions are supersaturations (and accordingly
the activation of aerosols) caused (i) by strong updrafts
below the lowest cloudy grid cells following the common
definition and (ii) during the onset of the cloud. These
regions are now included by our extended definition. Note
for the following that horizontal and volume averages
are exclusively applied to cloudy grid cells without further
notation.

This definition of a cloud is used to define the location of
entrainment for each Lagrangian particle. The height and time
at which a particle enters a cloudy grid box for the first time, ze
and te, respectively, are stored as an additional feature of the
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(a3) (b3) (c3)

Fig. 3. Instantaneous cross-sections of vertical velocity (left column) and supersaturation (right column)with cloudy regions (encircled by a closed line) for 600 s (top),
1200 s (center), and 1600 s simulated time (bottom). Center column: horizontally and temporally (100 s) averaged activation rates as a function of height for aerosols
entrained by the central updraft (ze b 700 m, continuous line), and lateral entrainment (ze N 700 m, dashed line).
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particle. This value is reset if the particle leaves the cloud, i.e.,
enters a non-cloudy grid cell, and is set newly as the particle
reenters a cloudy grid cell.

This information is used in the following to discriminate
between (i) aerosols entrained by the central updraft at cloud
base and (ii) aerosols entrained by mixing at the lateral
cloud edge and to identify the dynamics associated with their
activation. The discrimination is based on the entrainment
height. All particles with an entrainment height below 700 m
are assumed to be entrained by the central updraft. All particles
with an entrainment height above 700 m are assumed to be
entrained by lateral mixing. Note that this definition of lateral
entrainment includes possible events of cloud-top entrain-
ment. The discrimination height of 700 m has been chosen by



Fig. 4. Reactivation fractionΨμ as a function of time for cloud base (ze b 700 m,
μ = base, red line) and laterally entrained aerosols (ze b 700 m, μ = lat, blue
line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the inspection of vertical profiles of the entrainment rate (not
shown) in which a minimum around 700 cm separates the
entrainment at cloud base from the entrainment above cloud
base (see also discussion in Section 3.2). Moreover, this value
corresponds to the height determined by Slawinska et al.
(2012), who applied this value to discriminate between
primary activation at cloud base and secondary activation
above cloud base in the BOMEX case, i.e., in an almost identical
meteorological setup.

The activation of an aerosol is determined for every
Lagrangian particle individually. The particle is denoted an
activated aerosol or CCN, once it grows beyond the critical
radius

rcrit ¼ 3
BrN

3

A

 !1=2

; ð6Þ

which is determined by Köhler theory (e.g., Pruppacher and
Klett, 1997, Chap. 6.5), with A and B as used in Eq. (1). The
calculation of horizontally averaged rates of activation and
deactivation is described in more detail in Appendix C.

3. Results

3.1. Aerosol activation in space and time

At first, we like to take a view on the activation of aerosols
throughout the cloud life-cycle in pristine aerosol conditions
(100 cm−3). The bubble of warm air rises with a maximum
velocity of 2ms−1 and reaches its lifting condensation level at a
height of 570 m about 500 s after the start of the simulation.
Fig. 3 illustrates the development of the cloud by displaying
instantaneous y–z-sections of the vertical velocity (supersatu-
ration), and the contour of the cloud in the left (right) column;
the center column displays the corresponding profiles of the
activation rate for aerosols entrained by the central updraft or
lateral entrainment, respectively. At 600 s (Fig. 3a1–c1), the
cloud appears as the visible top of the updraft. Downdrafts on
both sides of the updraft are caused by the replacement of air
due to the rising bubble. The profile of the activation rate shows
a distinct maximum at the cloud base caused by the activation
of aerosols inside the central updraft. Activation of laterally
entrained particles does not appear due to the small vertical
extent of the cloud.

At 1200 s (Fig. 3a2–c2), the distinct maximum of the
activation rate at cloud base is still present due to the persisting
updraft. Due to the increased vertical extent of the cloud up to a
height of 1300 m, the activation of laterally entrained particles
contributes substantially to the number of activated aerosols
above cloud base. The activation of laterally entrained aerosols
shows a maximum in the upper third of the cloud where the
highest kinetic energy dissipation rates indicate strong turbu-
lent mixing. Cloud base aerosols activate above the cloud base
too, but their contribution to secondary activation (activation
above cloud base) is significantly smaller than the contribution
of lateral entrainment. This is caused by the high activation rate
at the cloud base, activating a large fraction of aerosols, which
subsequently act as droplets. As we will discuss in detail in
Section 3.2, the remainder of unactivated aerosols in the central
updraft consists of small aerosols demanding higher supersat-
urations for activation.

Fig. 1 shows that the activation of cloud base aerosols above
the cloud base is evident for an earlier point in time too (800 s):
red dots marking the activation of cloud base aerosols are
visible throughout the vertical extent of the cloud. Moreover,
Fig. 1 shows the patchy distribution of aerosol activation,which
was also described by Slawinska et al. (2012). This distribution is
a result of the multi-variable dependent process of aerosol
activation, which is not just a function of the supersaturation but
also depends on the amount of inactivated aerosols enabling
aerosol activation only in regionswhere both conditions aremet.

At 1600 s (Fig. 3a3–c3), the central updraft has decayed and
further growth of the cloud is inhibited by the inversion at
1500 m. At this stage, separated chunks of the cloud evaporate
causing turbulent downdrafts. The convergence of these
downdrafts triggers new clouds at a height of 600 m. The
dilution of the cloud is amplified by the fall out of drizzle (not
shown), which is produced by condensational growth only,
since collision and coalescence is neglected for this study.
Astonishingly, aerosols entrained by the turbulent mixing still
activate with a rate comparable to the previous stages of life
(see Fig. 3b2). This is not visible in the dissipating clouds of
Slawinska et al. (2012), in which almost no activation occurs
(notice the detached clouds in their Fig. 3). This is probably a
consequence of the explicitly simulated deactivation of aero-
sols in our approach, which in turn allows these aerosols to
reactivate. This process is neglected in the study of Slawinska
et al. (2012).

Indeed, reactivation contributes heavily to activation during
the dissipating stage of the cloud. Fig. 4 displays time series of
the reactivation fraction defined as:

Ψμ ¼ N μ
react

N μ ; ð7Þ

where N μ terms the number of activations of cloud base
aerosols (ze b 700 m, μ = base, red line), or laterally entrained
aerosols (ze N 700 m, μ = lat, blue line) at a certain point in



(a)

(b)

(c)

Fig. 5. Spatially and temporally (100s) averaged activation rates of aerosols
entrained by the central updraft (a, ze b 700 m) or lateral entrainment (b,
ze N 700m), and deactivation rate (c) as a function ofminimal distance to cloud
edge. Positive values on the abscissa are located inside the cloud.
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time. The number of reactivations, i.e., activations of aerosols
that have been activated and deactivated before, is denoted by
N μ

react. Note that the reactivation fraction does not contain any
reactivations from aerosols that have been detrained from the
cloud.

The reactivation fraction of laterally entrained aerosols,Ψlat,
is increasing throughout the cloud life-cycle up to 35%. The
interfacial mixing of cloudy and non-cloudy air dilutes the
cloud, and evaporates and deactivates droplets. On the other
hand, both homogeneous and inhomogeneous mixing are
capable of generating necessary supersaturations for the
reactivation of some aerosols. The homogeneous mixing of
volumes of sufficiently different temperatures can cause
supersaturations (e.g., Korolev and Isaac, 2000), but especially
inhomogeneous mixing is known to produce high supersatu-
rations due to the complete evaporation of some droplets (e.g.,
Baker and Latham, 1979). Not bounded to a numerical grid, the
simulated aerosols and droplets are able to resolve inhomoge-
neous mixing, but the underlying LES, applying a grid spacing
of 20 m, might be too coarse to resolve the whole range of
inhomogeneous mixing affecting the LES quantities of humid-
ity and temperature (and hence the supersaturation). Howev-
er, some inhomogeneous mixing should be resolved, see, e.g.,
Fig. 3c2 displaying saturation maxima at the cloud edge that
might be caused by events of inhomogeneous mixing. (For a
sensitivity study on the impact of grid spacing, the reader is
referred to Appendix A.)

Reactivation of cloud base aerosols,Ψbase, is small (b10%) as
long the central updraft prevails (up to 1200 s). After the central
updraft has been decayed (from 1400 s on), Ψbase increases to
30% in the end of the cloud life-cycle by reactivating the
aerosols, which previously activated in the central updraft,
acted as droplets, and evaporated and deactivated in the
dissipating stage of the cloud. As discussed for Ψlat, these
reactivations are caused by the turbulent mixing of cloudy and
non-cloudy air and the aligned generation of supersaturations
necessary for reactivation. Note for the cloud-lifetime averaged
analysis in Section 3.2, that the reactivations after 1400 s
contribute only 1.5% to all activations throughout the cloud life-
cycle. Thus, these reactivations associated with mixing have a
negligible impact on the bulk activation of cloud base aerosols,
which primarily activate due to supersaturations caused by
adiabatic cooling inside the central updraft.

The aerosol activation rate as a function of the nearest
distance to the cloud edge is displayed in Fig. 5 for aerosols
entrained by the central updraft (a), or by lateral entrainment
(b). Fig. 5c shows the deactivation rate. Positive values on
the abscissa are located inside the cloud. The cloud's mean
diameter increases up to 500m (i.e., aminimumdistance to the
cloud edge of 250 m), but is smaller in the beginning and the
end of the cloud life-cycle, which is visible by the narrower
profiles during these times. It is obvious that the location of
aerosol activation depends on the way the aerosol enters the
cloud. Aerosols entrained by the central updraft are activated
preferably in the center of the cloud where the highest vertical
velocities prevail (see Fig. 3) producing supersaturations
necessary for activation by adiabatic cooling.

On the other hand, the activation of laterally entrained
aerosols (Fig. 5b) is a distinct feature of the cloud edge, which is
not associated with strong vertical velocities (see Fig. 3). The
activation rate's maximum is situated about 40 m to 80 m
inside the cloud reflecting the typical penetration depth of air
parcels laterally entrained into shallow cumulus clouds (Gerber
et al., 2008). During penetration, these parcels mix homoge-
neously or inhomogeneously with the cloud, creating the
necessary supersaturations for activation as discussed above.
Accordingly, the maximum of the deactivation rate (Fig. 5c) is
located at the cloud edge too (about 20 m to 40 m), resulting
from the dilution and subsequent evaporation associated with
the mixing. All in all, the deactivation and the activation of



Fig. 6. Fraction of activated aerosols as a function of entrainment height
(abscissa) and activation height (ordinate) containing all aerosols activated up
to 1600 s.
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laterally entrained aerosols resemble the turbulent nature of
the cloud edge, since both can be seen as a part of an eddy, on
the one hand, diluting the cloud and deactivating aerosols, and
on the other hand, creating the necessary supersaturations for
activation by the (homogeneous or inhomogeneous) mixing of
cloudy and non-cloudy air.

Deactivation of aerosols is observed outside the cloud too
(Fig. 5c), probably from large droplets evaporating outside the
cloud.

3.2. Quantification of aerosol activation

Fig. 6 quantifies the preceding observations by displaying
the fraction of all activated aerosols as a function of their
entrainment height and corresponding activation height. Cloud
base and lateral entrainment of aerosols are clearly separated
by a minimum of entrainment between 650 m and 700 m. By
applying an entrainment height of 700 m as the distinguishing
feature between cloud base and laterally entrained aerosols, we
quantify that 70 % of all activated aerosols are cloud base
entrained aerosols and 30 % are laterally entrained aerosols.
This shows that the largest part of secondary activation, i.e., the
activation above cloud base, is caused by laterally entrained
aerosols (30 % of all activated aerosols), while the activation of
cloud base aerosols above cloud base contributes only 7 % to all
activated aerosols.

Downdrafts, certainly covering aminor fraction of the cloud,
decrease supersaturations by adiabatic heating, and accordingly
inhibit the activation of aerosols. This results in the clear
triangle underneath the diagonal of Fig. 6. The small fraction of
activated aerosols underneath the diagonal (1 % of all activated
aerosols) is caused by the higher saturations inside the cloud,
which are capable of activating an aerosol even in a downdraft
before the depletion of supersaturation by adiabatic heating.

The diagonal of Fig. 6 shows that 87 % of all aerosols activate
less than 100 m above their entrainment height, which
confirms the penetration depth of air parcels in shallow cumuli
(Gerber et al., 2008), i.e., the distance needed for an air parcel to
adapt to the cloud, produce sufficient supersaturations, and
allow activation.

Fig. 7a shows themean activation height as a function of the
entrainment height for 10 out of 125 dry aerosol radii (selected
to increase clarity of the figure). All aerosols of a dry radius
larger than 0.021 μm are activated directly after entrainment
(i.e., at the diagonal of Fig. 7a). Smaller radii activate at
increasing distance to their height of entrainment, reflecting
the higher critical supersaturation required for their activation.
Comparing the different dry aerosol radii classes displayed, a
minimum difference among the mean activation heights is
striking for aerosols entrained between 650 m and 700 m. This
is caused by the minimum of entrainment at these heights (as
explained for Fig. 6), decreasing the dilution of the cloud by
mixing with ambient air and activating the comparably low
number of newly entrained aerosols shortly after entrainment.

Fig. 7a identifies the cloud base aerosols (entrainment
height up to 700 m) activating above cloud base by their dry
radius of rN ≤ 0.013 μm. Fig. 7b shows that their activation is
associated with a mean vertical velocity that is about 0.2 ms−1

higher than the velocity of the larger aerosols activating at
cloud base. The mean vertical velocity of aerosols is computed
as

w ¼ za−ze
ta−te

; ð8Þ

where z denotes the height and t the time of activation
(subscript a) or entrainment (subscript e), respectively. As
explained by Pinsky and Khain (2002), this acceleration of the
central updraft is necessary to produce the supersaturations
needed for the activation of these small aerosols. Thus, Fig. 7
explains the low contribution of cloud base aerosols to
the activation above cloud base (secondary activation) (see
Fig. 3b2): The bulk of large aerosols activates at cloud base and
acts as droplets afterwards. The remainder of cloud base
aerosols features only smaller aerosols, which need higher
supersaturations to be activated. However, due to the cloud's
limited vertical extent and the prescribed vertical profiles of
temperature and humidity, the central updraft's acceleration is
not sufficient to produce these supersaturations.

In Fig. 7b, themean vertical velocity of aerosols entrained by
lateral entrainment (entrainment height above 700 m) differs
obviously among the displayed range of dry aerosol radii.
The smallest aerosols experience a velocity which is on average
0.6 ms−1 higher than the mean vertical velocity of the slowest
aerosols, and thus comparable to the velocities inside the
central updraft (see Fig. 3a2). Indeed, these aerosols acquire
their high velocities after being transported into the central
updraft, which creates the necessary supersaturation for
activation by adiabatic cooling. Larger aerosols activate close
to their height of entrainment, i.e., at the cloud edge, where
only moderate vertical velocities occur. Therefore, supersatu-
rations for activation are caused by the mixing (homogeneous
and inhomogeneous) of cloudy and non-cloudy air as discussed
above.

Interestingly, not the largest aerosols undergo the slowest
vertical velocities until activation (Fig. 7b) as one might expect
from their low critical supersaturation. In fact, intermediate
sized aerosols in the range of 0.045 μm to 0.082 μm experience
the slowest vertical velocities. This can be related to the time an



(a) (b)

Fig. 7.Mean activation height (a), and mean vertical velocity (b) of all activated aerosols as a function of their entrainment height for a representative selection of dry
aerosol radii rN activated until 1600 s.
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aerosol requires to grow beyond its critical radius which
becomes minimal for these dry aerosol radii (e.g., Grabowski
et al., 2011): Larger aerosols have a larger critical radius and
need therefore a longer time to grow beyond it. Smaller
aerosols demand higher supersaturations for activation which
need a longer time to be produced. Accordingly, a short
activation time favors the activation of intermediate sized
aerosols in a turbulent environment, since turbulent motions
limit the time span in which these aerosols stay in activation-
permitting conditions. This is analyzed further in Fig. 8 inwhich
each dot displays the activation rate as a function of dry aerosol
radius for (a) laterally and (b) cloud base entrained aerosols.
Since all simulated particles represent the same number of
aerosols (see Section 2.1 for details on the initialization of the
LCM), the curve resulting from the dots in Fig. 8 can be
interpreted as an activation probability displayed as a function
of aerosol dry radius.

Fig. 8a confirms the preferred activation of intermediate
sized aerosol radii during lateral entrainment. The spectral
activation rate obeys a log-normal distribution with a distinct
maximum for dry radii of 0.05 μm confirming the shortest
activation time for these aerosols. The shape of the distribution
(a)

Fig. 8. Temporally averaged (100 s) activation rate as a function of the dry aerosol radiu
(ze b 700 m). Note that each dot represents the activation rate resulting from all partic
is almost constant in time, whereas the number of activated
aerosols per time interval increases as the cloud grows, and
decreases in the dissipating stage of the cloud (at 1800 s).

For aerosols entrained at cloud base (Fig. 8b), the shape of
the spectral activation rate differs due to the presence of
the central updraft. Initially at a simulated time of 600 s, the
activation rate of the first aerosols entrained into the cloud is
limited by the short lifetime of the cloud. Therefore, the
activation depends on the activation time as it is the case for
laterally entrained aerosols too. As the cloud grows further
(800 s to 1200 s), the updraft provides a sufficiently steady
environment allowing the largest aerosols to activate indepen-
dently of their activation time. This is visible by the almost
constant activation rate for aerosols larger than 0.02 μm. The
probability decreases for smaller aerosols indicating the
rare events of high supersaturations. As the updraft decreases
(from 1400 s on), the activation rate approaches, again, the
log-normal distribution of laterally entrained aerosols. This
indicates that a large fraction of cloud base entrained
aerosols is not located inside the central updraft anymore
and activates like laterally entrained aerosols in a highly
turbulent environment.
(b)

s rN for (a) laterally entrained aerosols (ze N 700m), and (b) cloud base aerosols
les with the stated dry aerosol radius.



Fig. 9. Averaged in-cloud vertical velocity as a function of time for aerosol
concentrations N of 100 cm−3 (continuous), 500 cm−3 (long dashed), and
2000 cm−3 (short dashed).

Fig. 10. Φact
lat (blue) and Φact + deact

lat (red) as a function of time for aerosol
concentrations N of 100 cm−3 (continuous), 500 cm−3 (long dashed), and
2000 cm−3 (short dashed). See Eqs. (9) and (10) for details on the definition of
Φact

lat andΦact + deact
lat . (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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By comparing Figs. 8 and 2, it becomes obvious that some
aerosols with very small or very large dry radii do not activate
during the whole simulation. Of course, the smallest aerosols
do not activate because of their high critical supersaturations.
But the activation probability of the largest aerosol bin at 0.49
μmdecreases heavily too. This is caused by the critical radius of
21 μm, which is a factor of 2 larger than the mean radius of
cloud droplets. Therefore, the only possibility for these
particles to become activated is an above-average conden-
sational growth, which is unlikely as themean droplet radius
suggests.

3.3. Effects of aerosol concentration

A main result of the last section is the dependence of
aerosol activation on the dynamics of aerosol entrainment,
i.e., entrainment by the central updraft or lateral mixing.
However, it is unknown how these sources contribute to the
total amount of activated aerosols inside the cloud throughout
the cloud life-cycle. This section will quantify these contribu-
tions for background aerosol concentrations of 100 cm−3 as
used before, but also 500 cm−3 and 2000 cm−3. For the applied
aerosol concentrations, the number of activated aerosols
increases from about 36 cm−3 to 142 cm−3, and 437 cm−3,
respectively. The mean radius of droplets that nucleated
on these aerosols decreases from 11 μm to 7 μm, and 5 μm,
respectively. For further impacts of the background aerosol
concentration on the number of activated aerosols, the reader
is referred to Andrejczuk et al. (2014). The general develop-
ment of the cloud has not changed in increasingly aerosol-
laden background conditions due to the strong forcing of
the bubble of warm air creating almost identical vertical
velocities in all three simulations (Fig. 9). Slightly higher
vertical velocities in the polluted case are caused by the
accelerated release of latent heat. The evaporation–entrainment
feedback increases turbulence inside the cloud as shown by
Wang et al. (2003) and Jiang et al. (2006). Due to the smaller
droplet radii, the fallout of drizzle is not visible in the 500 cm−3,
and 2000 cm−3 simulations as it is the case in the 100 cm−3
simulation. Any other changes are primarily based on the
different realization of the flow not affecting the comparability
of the simulations.

Fig. 10 shows the fraction of all activated, laterally entrained
aerosols with respect to all activated aerosols inside the cloud
(blue),

Φlat
act ¼

Nlat
act

Nlat
act þ Nbase

act
; ð9Þ

and the fraction of all laterally entrained aerosols with respect
to all aerosols inside the cloud (red),

Φlat
actþdeact ¼

Nlat
act þ Nlat

deact

Nlat
act þ Nbase

act þ Nlat
deact þ Nbase

deact

: ð10Þ

Here, the number of aerosols is denoted by N, which
superscript marks cloud base (base) or laterally entrained
aerosols (lat). The subscript indicates activated (act) or
deactivated aerosols (deact). Generally, Φact

lat is smaller than
Φact + deact

lat indicating that laterally entrained aerosols are
activated less effective than cloud base aerosols resulting in
an overrepresentation of activated cloud base aerosols. From
1700s on, Φact + deact

lat sinks below Φact
lat due to the develop-

ment of secondary clouds (see Fig. 3a3) which entrain cloud
base aerosols (i.e., Nact

base and Ndeact
base increase), which will be

not analyzed further.
As long as the central updraft increases its velocity (up to

1100 s), both fractions Φact
lat and Φact + deact

lat increase moderately
without large deviations among the background aerosol
concentrations. From 1200 s on, the time series of Φact

lat and
Φact + deact

lat depend on the background aerosol concentration,
and increase due to the decay of the updraft, the loss of cloud
base aerosols by detrainment, and the fall out of droplets
nucleated on cloud base aerosols (Nact

base andNdeact
base decrease), and,



Fig. 12. Standard deviation of kinetic energy dissipation rate as a function of
height for aerosol concentrationsN of 100 cm−3 (continuous), 500 cm−3 (long
dashed), and 2000 cm−3 (short dashed) after 1200 s simulated time.
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on the other hand, the ongoing lateral entrainment of aerosols
and their activation (Nact

lat and Ndeact
lat increase). Remarkably, the

time series of Φact
lat becomes larger than Φact + deact

lat reaching
maximum values of 50 %, 67 %, and 77 %, respectively.

In order to understand this accelerated growth of Φact
lat in

aerosol-laden environments, we take a look at the activation and
deactivation rates displayed in Fig. 11a and b, respectively, for
a simulated time of 1200s. The activation and deactivation
rates are normalized by the mean concentration of activated
aerosols. Therefore, the profiles can be interpreted as the relative
contribution of the activation height to the concentration of
activated aerosols, which has been done similarly by Slawinska
et al. (2012). At cloud base, the normalized activation rate of
cloud base aerosols is marginally affected by the background
aerosol concentration (red lines in Fig. 11a). Above cloud base,
the activation rate of cloud base aerosols and to a larger extent
the activation rate of laterally entrained aerosols (blue lines in
Fig. 11a) increases, which is counterbalanced by a likewise
increased deactivation rate (Fig. 11b).

The increased activation and deactivation rates are a result
of the increased turbulence in aerosol-laden environments.
This can be seen from the increased kinetic energy dissipation
rate (Fig. 11c), which mean value increases only slightly in
aerosol-laden environments, but a larger impact is visible
on the standard deviation of the dissipation rate (Fig. 12).
At 1200 s, its maximum increases from 200 cm2s−3 to
300 cm2s−3, and 400 cm2s−3 as the aerosol concentration
increases from 100 cm−3 to 500 cm−3, and 2000 cm−3,
respectively. These high dissipation rates accelerate the
breakdown of large eddies, and thus the entrainment and
detrainment by lateral mixing. Additionally, the increased
fluctuations of up- and downdrafts cause supersaturations and
subsaturations to fluctuate at a much higher frequency. Both
processes create likewise increased activation and deactivation
rates which constantly decreases the former overrepresenta-
tion of activated cloud base aerosols (Φact

lat bΦact + deact
lat ) by their

deactivation and the activation of laterally entrained aerosols.
(a) (b)

Fig. 11. Horizontally and temporally (100 s) averaged normalized activation rate of
deactivation rate (b), and kinetic energy dissipation rate (c) as a function of height for ae
2000 cm−3 (short dashed) after 1200 s simulated time. (For interpretation of the referen
article.)
4. Summary and discussion

This paper examines the entrainment and activation of
aerosols in an idealized shallow cumulus cloud simulated with
a coupled LES–LCM approach. In doing so, the diffusional
growth equation is applied to individual Lagrangian particles
representing a certain amount of aerosols or droplets, respec-
tively. The activation process is explicitly resolved by consid-
ering the droplet's radius and mass of solute aerosol.

The shallow cumulus cloud is triggered by a bubble of warm
air. The Lagrangian perspective of cloud physics is used to
discriminate between (i) aerosols entrained by the central
updraft at cloud base, and (ii) aerosols entrained by lateral
mixing, which are discriminated by their height of entrainment.
(c)

aerosols entrained below ze b 700 m (red) or above (blue) (a), normalized
rosol concentrationsN of 100 cm−3 (continuous), 500 cm−3 (long dashed), and
ces to color in this figure legend, the reader is referred to theweb version of this
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It is shown that cloud base aerosols are the major source for
cloud droplets as long as the central updraft prevails.
The largest fraction of these cloud base aerosols activates at
cloud base, while a minor fraction, consisting of small aerosols,
activates at greater heights where sufficient supersaturations
are reached by an acceleration of the central updraft. This
confirms the findings of Pinsky and Khain (2002), who,
however, used a one-dimensional model and neglected the
lateral entrainment of aerosols. Our simulations show that
the activation of cloud base aerosols above the cloud base
contributes only 7 % to all activated aerosols, while the
activation of laterally entrained aerosols dominates above
cloud base by contributing 30 % of all aerosols. This confirms
the contribution of secondary activation (activation above the
cloud base) in shallow cumulus quantified by Slawinska et al.
(2012), who, however, were not able to distinguish between
cloud base and laterally entrained aerosols.

Furthermore, this study shows that the dynamics, associat-
ed with the way of aerosol entrainment, determine the radii at
which activation is possible. The central updraft provides a
steady environment, which activates all aerosols only limited
by the maximum supersaturation available. This agrees with
many activation process parameterizations solely based on
supersaturation. On the other hand, the activation of laterally
entrained aerosols is limited by the time an aerosol needs to
grow beyond its critical radius. Laterally entrained aerosols
activate at the highly turbulent cloud edge, which creates the
necessary supersaturations by the (homogeneous or inhomo-
geneous) mixing of cloudy and non-cloudy air, but also limits
the time in which these aerosols stay in activation-permitting
conditions. Thus, the activation of intermediate sized aerosols
is preferred, since these aerosols need the shortest time to
activate. Because laterally entrained aerosols contribute signif-
icantly to the number of CCN in clouds, this finding is of interest
for future parameterizations of the activation process.

Moreover, this study identified a new process that increases
the amount of laterally entrained CCN as the background aerosol
concentration increases. Due to the evaporation–entrainment
feedback (Wang et al., 2003; Jiang et al., 2006), turbulence and
hence the entrainment and detrainment of aerosols increase in
aerosol-laden environments. This, on the other hand, activates
and deactivates aerosols at a higher frequency, which constantly
increases the fraction of activated aerosols previously entrained
by lateral mixing due to the detrainment and deactivation of
cloud base aerosols. Quantitatively speaking, the fraction of
laterally entrained CCN increases from 50 % in pristine to 77 %
in pollute environments. Therefore, cloud-processing of large
aerosols might become less efficient in aerosol-laden environ-
ments, since the activation of laterally entrained aerosols is
restricted to intermediate sized aerosols.

4.1. Limitations and outlook

Of course, the results of this study depend on the chosen
setup, and should not be thoughtlessly generalized. A vertically
constant aerosol concentration has been prescribed for this
study. In reality, the aerosol concentration increases or decreases
with height, depending on geographic location, and pollution. A
decreasing aerosol concentration will decrease the contribution
of laterally entrained aerosols. Contrary, a low aerosol concen-
tration at surface will decrease the contribution from cloud base
aerosols. Additionally, varying aerosol concentrationsmight alter
the entrainment rate with height (as discussed in Section 3.3),
and further complicate the cloud's interaction with the back-
ground aerosol structure. These interactions will be investigated
in a follow-up study. Furthermore, these results are obtained
from an idealized shallow cumulus cloud, which is triggered by
a rising bubble of warm air. Although this setup is rather
artificial, it is sufficient for this general study on the interaction
of dynamics and activation. However, the interaction with the
boundary-layer thermals, e.g., the cloud's pulsating growth
(Heus et al., 2009), could not be addressed. Therefore, we will
confirm our results in a follow-up study, in which we will
address more realism by simulating a whole cloud ensemble
(e.g., the maritime BOMEX case (Siebesma et al., 2003) or the
continental ARM case (Brown et al., 2002)) in which convec-
tion develops freely, and several clouds can be analyzed.
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Appendix A. Sensitivity to grid spacing

Although this study was conducted with a comparably fine
grid spacing of 20 m, this parameter might affect the activation of
aerosols. For example, due to its Eulerian formulation, the LES
model is not able to track the cloud boundary causing spurious
supersaturations (e.g. Stevens et al., 1996). Moreover, a too coarse
grid spacing might underestimate small scale fluctuations of LES
quantities or the contribution of inhomogeneous mixing, and
hence the associated supersaturations necessary for activation.
Therefore, the simulation presented in Sections 3.1 and 3.2 has
been repeated applying grid spacings of 10 m and 5 m, but the
same amount of Lagrangian particles. This results in very low
number of particles per grid box but a larger amount of particles is
computationally infeasible. In order to initialize all simulations
with the sameaerosol spectrum, the initial aerosol sizedistribution
was applied to all particles inside a cube of 20 m side length
including 1, 8, or 64 grid boxes, respectively.

Although the Lagrangian particle concentration in each LES
grid box decreased heavily, all simulations were successfully
reproducing the cloud life-cycle. Admittedly, local values
fluctuate strongly due to the low number of Lagrangian
particles per grid box, but cumulative values are significant.
As for Fig. 10, Fig. A1 shows the fractionsΦact

lat andΦact + deact
lat for

the examined grid spacings (see Eqs. (9) and (10) for
definitions). The fraction Φact

lat is the same for all grid
spacings. The fraction Φact + deact

lat decreases slightly about 5
percentage points as the grid spacing decreases from 20m to
5 m. An explanation for this can be taken from Fig. 5. A
refined grid spacing will increasingly resolve the cloud edge
and its mixing processes but the activation rate reaches
significant values at least 20 m inside the cloud. Thus, the
fraction Φact

lat is not affected by the grid spacing, since the
bulk of activated aerosols is located sufficiently distant to



Fig. A1. As Fig. 10, but for grid spacings Δ of 20 m (continuous), 10 m (long
dashed), and 5 m (short dashed).
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the cloud edge. On the other hand, increasingly resolved
entrainment/detrainment processes might result in the
slightly decreased fraction Φact + deact

lat as the resolution of
the model increases, since this value is not limited to activated
aerosols, and therefore to (inactivated) aerosols that are located
at the cloud edge.

All in all, this sensitivity study confirms the findings of this
paper by reproducing the same fraction of activated, laterally
entrained aerosol for LES grid spacings of 10m and 5m. However,
one should note that a grid spacing of 5 m is still insufficient to
resolve inhomogeneousmixing sufficiently. Lehmann et al. (2009)
showed that the transition from heterogeneous to homogeneous
mixing is associated with a length scale of 0.1 m which is not
resolvable by LES. Therefore, inhomogeneous mixing needs to be
parameterized for future studies.
Appendix B. Sensitivity to chemical composition

This study has been conducted for aerosols consisting solely
of sea salt, and chemistry affecting the aerosol's size and
(a)

Fig. B1. Temporally averaged activation rate (100 s) as a function of dry aerosol radius
factor ν of 2 (blue) and 4 (orange) at a simulated time of 1200 s. (For interpretation o
version of this article.)
solubility has been neglected. Changing the aerosol's chemical
composition (e.g., by including chemistry), the aerosol's critical
radius,

rcrit ¼
3Br3N
A

 !1=2

; ðB:1Þ

and the critical supersaturation,

Scrit ¼
4A3

27Br3N

 !1=2

; ðB:2Þ

will change due to changes of the hygroscopicity B. For this
sensitivity study, we increased ν from 2 (as used in this paper)
to 4, doubling the aerosols' hygroscopicity. All other parame-
ters were identical to the simulation presented in Sections 3.1
and 3.2. Due to the increased hygroscopicity, the critical
supersaturation decreases by about 30 %, whereas the critical
radius increases by about 40 %. These effects have been widely
discussed in literature (e.g. Abdul-Razzak and Ghan, 2002), but
the simultaneous impact of dynamics, namely turbulence
limiting the time available for activation, were not accessed.

Similar to Fig. 8, Fig. B1 compares the spectral activation rate
of (a) laterally entrained aerosols, and (b) cloud base aerosols
for ν = 2 (blue) and ν = 4 (orange) at 1200 s simulated time.
The effect of increased hygroscopicity is clearly visible for
aerosols activating inside the central updraft (Fig. B1b), which
minimal radius has been shifted towards smaller radii. For
laterally entrained aerosols (Fig. B1a), the log-normal distribu-
tion of the spectral activation rate, caused by the turbulence-
limited time for activation (as explained in Section 3.2), is
still present for aerosols of increased hygroscopicity, but
the mode is shifted to smaller radii. This is caused, of course,
by the increased hygroscopicity, that (i) enables the activation
aerosols at lower supersaturations, which can be produced
more likely in a turbulent environment (increasing the
activation rate at smaller radii), and (ii) by the increased
critical radius, for which an aerosol must stay longer in
activation-permitting conditions, which becomes more unlike-
ly in a turbulent environment (decreasing the activation rate at
larger radii).
(b)

rN of (a) laterally entrained aerosols and (b) cloud base aerosols for a van't Hoff
f the references to color in this figure legend, the reader is referred to the web
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Appendix C. Activation and deactivation rates

The activation and deactivation rates are computed after
integrating Eq. (1) for one complete Rosenbrock time step. The
amount of activated aerosols during this time step at the LES
grid cell i, j, k is calculated as

Ai; j;k ¼
XNp

m¼1

Am � H rnm−rcrit;m
� �

� H rcrit;m−rn−1
m

� �
; ðC:1Þ

and the number of deactivated aerosols is calculated as

Di; j;k ¼
XNp

m¼1

Am � H rn−1
m −rcrit;m

� �
� H rcrit;m−rnm
� �

; ðC:2Þ

wherem terms the index of the Lagrangian particle fromwhich
the amount Np is located in the considered grid cell. The
number of the current time step is indicated by the superscript
n.H is theHeaviside function,which is 1 for a positive argument
and 0 for a negative argument. If a particle becomes activated
during a time step, i.e., it grows beyond its critical radius rcrit,m
(rmn N rcrit,m and rcrit,m N rm

n − 1), both Heaviside functions in
Eq. (C.1) become 1, and the number of aerosols (represented by
the weighting factor Am) is added to the sum of all activated
aerosols. In any other case, at least one Heaviside function
becomes 0. This applies analogously for the deactivation rate in
Eq. (C.2). Note that the calculation of Ai; j;k or Di; j;k can be
restricted aerosols/droplets fulfilling certain criteria, e.g., height
of entrainment, size of dry aerosol.

The resulting horizontally averaged activation rate at the
LES grid cell level k is calculated as

∂Na

∂t

� �
A;k

¼ 1
Δt

�

X
i; j

Ai; j;k

Vk
; ðC:3Þ
and the corresponding deactivation rate as

∂Na

∂t

� �
D;k

¼ 1
Δt

�

X
i; j

Di; j;k

Vk
; ðC:4Þ

where Δt terms the time step size, and Vk is the volume of all
cloudy grid cells at the LES grid cell level k.
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